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Environmental enrichment provides laboratory animals with novelty and extra space,
allowing different forms of multisensory stimulation ranging from social grouping to
enhanced motor activity. At the extreme end of the spectrum, one can have a
super-enriched environment. Environmental enrichment is believed to result in improved
cognitive and sensorimotor functions both in naïve rodents and in animals with brain
lesions such as those occurring after a stroke. Robust behavioral effects in animals
which have suffered a stroke are probably related not only to neuronal plasticity in
the perilesional cortex but also in remote brain areas. There is emerging evidence to
suggest that testing restorative therapies in an enriched environment can maximize
treatment effects, e.g., the perilesional milieu seems to be more receptive to concomitant
pharmacotherapy and/or cell therapy. This review provides an updated overview on
the effect of an enriched environment in stroke animals from the practical points to be
considered when planning experiments to the mechanisms explaining why combined
therapies can contribute to behavioral improvement in a synergistic manner.
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Introduction
“No man is an island” (John Donne 1572–1631). Not only man, but also the behavior, phenotype,
and responses of laboratory animals vary depending on the genotype of the animals and the hous-
ing conditions in which they are reared. The term “housing conditions” includes the physiological,
chemical, and social environment as well as handling procedures and environmental enrichment.
Scientists strive to standardize these conditions so that it is only the factor of interest which is
changed in order to obtain both reliable and repeatable results from the minimum number of
animals.
Wild rodents live in a very complex environment and they exploit a wide array of motor skills to
explore their environment, find food, escape threats, in general to survive. In comparison, labora-
tory animals are considered to be housed in a very impoverished environment, quite often socially
isolated. This raises the question about what are the proper housing conditions in which to study
behavior in naïve animals or in animals after various brain insults. Another issue is whether the
housing condition can affects or in the worst case scenario, even negate treatment effects?
The present review provides a short overview on housing conditions in laboratory rodent
research with particular emphasis being placed on the possible contribution of an enriched
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environment to the spontaneous sensorimotor recovery after
cerebral ischemia as well as that induced by restorative therapies.
Law, Regulations, and Recommendations
The Guide for the Care and Use of Laboratory Animals (2011)
states that “The primary aim of environmental enrichment is to
enhance animal well-being by providing animals with sensory
and motor stimulation, through structures and resources that
facilitate the expression of species-typical behaviors and promote
psychological well-being through physical exercise, manipulative
activities, and cognitive challenges according to species-specific
characteristics.”
According to the European legislation (Directive 2010/63/EU,
ANNEX III), European Commission recommendations
(2007/526/EC) and Finnish national legislation (Government
Decree on the Protection of Animals Used for Scientific or
Educational Purposes 564/2013), all animals should be provided
with sufficient space of adequate complexity and they should be
given a degree of control and choice over their environment.
This may be achieved by using enrichment techniques, which are
appropriate to the species-specific and individual needs. Further-
more, the enrichment practices must be regularly reviewed and
updated.
In addition, several attempts have been conducted by stroke
researchers to improve the quality of preclinical studies with the
aim to prevent translational failures all too often encountered
with neuroprotective compounds (Savitz et al., 2011; Dirnagl
et al., 2013; Boltze et al., 2014). However, housing conditions have
not yet been considered in any detail. The STEPS II guideline
shortly states that “Consideration may also be given to apply-
ing clinically relevant rehabilitation to all treatment groups in
functional testing” (Savitz et al., 2011).
Housing Conditions of Laboratory
Animals—Current Practices
Rats have been used as laboratory animals since the end of 1800’s.
Themost commonly used rat stocks likeWistar, Sprague-Dawley,
and Long-Evans hooded rats were developed for research use in
the beginning of the twentieth century (Koolhaas, 1999). Rats are
generally considered as social animals, but they may also live a
solitary existence (Weihe, 1987). They are highly adaptable but
neophobic animals and breeding in laboratory conditions has led
to the creation of tame animals which habituate easily and can
be trained to tolerate even unpleasant procedures (Weihe, 1987).
Even though it is recognized that laboratory rats differ from their
wild conspecifics with respect to their behavioral and environ-
mental demands (Inglis and Hudson, 1999), they still possess
many of their natural needs such as the requirement for a safe,
concealed area when resting (Hurst et al., 1999).
The Aim of Environmental Enrichment
The word “enrichment” carries a positive connotation, which
can be seen in definitions like “modification of the environment
resulting in an improvement in the biological functioning of
captive animal” (Newberry, 1995) and “alteration to the living
environment of captive animals in order to provide opportunities
to express more of their natural behavioral repertoire” (Chamove,
1989; Van de Weerd and Baumans, 1995). In general, the goal is
to increase the number and range of normal behaviors, to prevent
or reduce development of abnormal behaviors, to increase the
positive utilization of the environment and to improve the ani-
mal’s ability to cope with behavioral and physiological challenges
(Young, 2003). However, supplements which humans consider
enrichment do not always confer beneficial effects on animals
(Kaliste et al., 2006). The housing environment, including enrich-
ment, may also increase (or decrease or have no effect at all) on
the variation between animals and therefore impact on the num-
ber of animals needed in an experiment (Mering, 2000). This
debate about the pros (e.g., better welfare and data quality) and
cons (e.g., increased variability in test results) of standardization
in relation to enrichment has been going on for years.
Social Enrichment
Environmental modifications or enrichment can be applied in
several ways. For social animals, contact with other individuals
ensures their welfare and acts as enrichment. Group or pair hous-
ing is recommended for social animals whenever possible (Direc-
tive 2010/63/EU, Commission recommendations 2007/526/EC).
Group housing provides safety, competitors and companions
offering complexity, changes in social relationships lead to unpre-
dictability and appropriate breeding can make it possible to
achieve these goals. These factors can be considered as the most
important requirements of an animal of its environment, in order
to satisfy its behavioral needs (Poole, 1992). When new groups
are formed or reformed after some period of individual housing
or isolation, animals must be carefully monitored, since aggres-
sion or other forms of adverse behavior may occur. If group
housing is not possible, the importance of enrichment increases.
Humans can also act as social enrichment for animals living in
laboratory conditions.
Spatial Enrichment
Nowadays a huge variety of commercial accessories are available
(Figure 1A) and the housing environment can be spatially modi-
fied by using space and structural constructions. Adequate space
is still a necessity for normal species-specific behavior and there
are also regulations and recommendations that impose mini-
mum floor areas for laboratory animals. The recommendations
for the minimum floor areas are dependent on the weight of the
animals, whether they are housed in groups, paired or singly,
whether they are in stock, maintenance or undergoing experi-
mental procedures or whether they are used for breeding (Guide
for the Care and Use of Laboratory Animals, 2011; Directive
2010/63/EU ANNEX II; European Commission recommenda-
tions 2007/527/EC). Given this background, one can understand
that implementation of enriched environment is challenging or
impossible in the case of individually ventilated cages. Enrich-
ment should not restrict the available space but rather make
better use of the area, for example by allowing vertical move-
ments. The accessories need to be made of safe materials, which
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FIGURE 1 | Environmental enrichment. (A) Different kinds of rodent
enrichment (picture from Satu Mering). (B) Super-enriched environment
provides multiple and complex stimuli to the animals (modified from Sivenius
et al., 2002). Enriched environment usually consists of large cage to provide
spatial stimuli, ladders and running wheel for sensorimotor and motor
exercise and social interactions of 6–8 animals. In addition, replaceable
objects such as toys provide novelty, all of which can enhance brain plasticity
leading to improved cognitive and sensorimotor recovery after brain insults.
do not introduce extra chemicals or components into the hous-
ing environment. Inert materials are recommendable if possi-
ble or materials which are already present in the environment,
such as objects made of the same wood as the bedding (e.g.,
aspen).
Sensory, Motor, and Psychological Enrichment
Sensory enrichment may include the presence of other animals,
who give odor, visual or audible signals, when group housing is
not possible. Objects, bedding, and nesting material give touch
feelings and provision of treats are a form of taste enrichment.
Shelters offer the rats the possibility to regulate the amount of
light and the ambient temperature. Objects making noise give
audible cues/signals and may also mask sudden and harsh noises
in the laboratory animal environment, decreasing fear behavior.
In addition, the sound of a radio can be used for enrichment and
to mask external noises. Physical activity is quite often used in
larger laboratory animals, but is possible also in small rodents
(e.g., running wheels).
Psychological enrichment offers the possibility to observe,
hide, explore, learn, and solve problems. The provision of shelters
and shelves allows withdrawal from conspecifics and new objects
offer unpredictability and the possibility to satisfy curiosity. Han-
dling of the animals is always important for habituation but also
for psychological stimulus and animal-human interactions.
Standardization of Environmental Enrichment
Since the ways to enrich the environment of laboratory ani-
mals and also individual needs are dependent on the physiolog-
ical state of the animal (e.g., young/old, breeding/maintenance,
strain differences, social status in a group), it is virtually impos-
sible to achieve standardization and harmonization of environ-
mental enrichment strategies within and between laboratories.
The inconsistencies with the levels of enrichment may vary even
within the same facility (Hawkins, 2014). However, at least con-
cepts of complexity, predictability and control should be kept in
mind when applying an environmental strategy (Baumans et al.,
2006). The complexity and variability need to be properly dis-
cussed since these will be a challenge if one wishes to undertake
multi-laboratory (“phase III”) preclinical trials (Dirnagl et al.,
2013).
Large Animals
Large animal stroke models have become increasingly utilized
(Boltze et al., 2008), but the effect of enriched housing or neu-
rorehabilitation for the respective species has been completely
neglected. However, environmental enrichment in large animals
should follow the same principles as in rodents.
Super-Enriched Environment—More than
Environmental Enrichment
The definition of enriched environment was adopted by Don-
ald Hepp. He found that those rats that were freely allowed to
explore his house had better problem-solving capabilities than
laboratory-housed rats (Hepp, 1947). In animal facilities, a higher
level environmental stimulation can be mimicked by providing
complex, multisensory stimulation for the experimental animals
(Figure 1B). Thus, a typical example of a super-enriched envi-
ronment is a large, multilevel cage with more space relative to
standard housing conditions. The cages can contain shelters, tun-
nels, ladders, and access to a running wheel to allow the animal to
undertake voluntary activity and exercise. Different kinds of toys
varying in shape, size, and texture are used and replaced regularly
to expose the animals to novelty. An important component is
social grouping, which means that animals are housed in groups
of 8–12 allowing species typical behaviors such as fighting, play
or sleeping together (Van Loo et al., 2004). The introduction of
music, odors and different food items has also been reported as
an additional stimulus (Baumans, 2005). One common practice
is to put feed pellets on the bottom of the cage with bedding or
different kinds of treats can be hidden into bedding or into toys,
boxes, or ice cubes thus encouraging animals to seek and work for
food. Although the quantity of environmental enrichment may
be important for therapeutic effects (Mazarakis et al., 2014), one
has to remember that more is not always better and an animal’s
needs and preferences should be paramount when introducing
these kinds of super-enriched environments.
Frontiers in Neuroscience | www.frontiersin.org 3 March 2015 | Volume 9 | Article 106
Mering and Jolkkonen Enriched environment and stroke
The design and composition of the super-enriched environ-
ment vary between laboratories and are not standardized. How-
ever, it has been reported that environmental enrichment does
not increase individual variability or impair reproducibility of
behavioral data (Wolfer et al., 2004). Recently, Sztainberg and
Chen (2010) described a simple enrichment strategy capable of
inducing a robust anxiolytic effect in mice. Detailed instruc-
tions were provided not only on how to build the environment,
but also for cleaning and sterilization procedures. The volun-
tary exploratory activity should be observed and recorded since
this can help in standardization and in quantifying the effect of
housing conditions (Xie et al., 2013a). These should be feasible in
stroke research as well.
With respect to animal well-being, it has been claimed that an
enriched environment can allow species-specific behavior, pro-
viding animals with more control over their environment and
thus reduce stress. Indeed, our observations suggest that rats
housed in an enriched environment are much easier to handle,
which minimizes the potentially confounding effects of emo-
tionality and stress in sensitive behavioral testing (Benefiel and
Greenough, 1998; Jones et al., 2003; Schallert et al., 2003). The
animals are also more active, which is a benefit when performing
tests involving spontaneous activity (e.g., cylinder tests). Thus,
the environmental enrichment not only enhances the well-being
of animals but also can improve the research data (Bayne and
Würbel, 2014).
Robust Effect of Super-Enriched
Environment on Behavioral Outcome after
Stroke
Barbro Johansson’s group introduced the concept of the super-
enriched environment into the field of experimental stroke
research (Johansson, 1996; Johansson and Ohlsson, 1996). Sub-
sequently, experimental evidence has confirmed that an enriched
environment can exert a robust impact on the behavioral out-
come in stroke animals (Johansson, 2004;Will et al., 2004; Janssen
et al., 2010). Housing in an enriched environment is also used to
model stroke rehabilitation.
The efficacy of an enriched environment has been summarized
in a recent meta-analysis of 21 experimental studies (Janssen
et al., 2010). The results strongly support the concept that expo-
sure to an enriched environment after a rat has suffered a cerebral
ischemia could enhance the animal’s sensorimotor and cognitive
functions. The infarct size seemed to be slightly larger in ani-
mals recovering in an enriched environment, however this did
not affect mortality. Interestingly, also exposure during the pre-
ischemic time to the enriched environment has improved the
recovery of motor function, spatial learning and memory with-
out there being any reduction in brain edema or infarct volume
(Xie et al., 2013b; Yu et al., 2013). More importantly, there is a
report that an enriched environment can improve the rate and
extent of recovery in aged stroke animals (Buchhold et al., 2007).
Although enriched environment is a powerful tool with
which to enhance functional outcome after cerebral ischemia,
the behavioral consequences are not completely clear. Exposure
to the various novel stimuli may increase the problem solving
capacity (Hepp, 1947) or engage the animals in a broader range
of premorbid behaviors (Zeiler and Krakauer, 2013). A challeng-
ing environment may also prevent the development of learned
non-use of the impaired limb and reliance on the non-impaired
limb, a phenomenon often encountered in both experimental
stroke animals and human patients (Mark and Taub, 2004; Hsu
and Jones, 2006). Indeed, when skill learning of the non-paretic
limb was coupled with increased dexterous use of both fore-
limbs in the home cage (e.g., via provision of pasta pieces, sun-
flower seeds, square chewing blocks), the paretic limb exhibited
an improvement similar to that after focused rehabilitation (Kerr
et al., 2013).
The extent to which compensation contributes to behav-
ioral improvement promoted by enriched environment remains
unclear. Knieling et al. (2009) compared the effect of an enriched
environment on reaching success (quantitative) and movement
patterns (qualitative) in rats subjected to a stroke. Somewhat sur-
prisingly, the provision of an enriched environment did not pro-
mote restitution of function but did facilitate effective compensa-
tion in skilled reaching. In particular, rotating movements of the
forelimb during reaching were permanently impaired and this
improvement was based on a functional compensation through
intensified use of the upper body.
The time when exposure to enriched environment should
be started or its duration seems to be critical for recovery and
achieving permanent treatment effects.While very early exposure
to enriched environment may exaggerate excitotoxicity and thus
infarct size (Risedal et al., 1999), there is believed to be a sensi-
tive period when the brain is most responsive to rehabilitative
training (Zeiler and Krakauer, 2013; Allred et al., 2014). Bier-
naskie et al. (2004) showed that housing in an enriched environ-
ment combined with task-specific training improved skilled fore-
limb reaching ability when the procedure was initiated between
5 and 14 days after focal ischemia in rats, but not later. Inter-
estingly, the improvement was associated with enhanced den-
dritic growth in the undamaged motor cortex. The exposure
duration required to achieve such permanent changes has been
reported to be at least 3 weeks (Birch et al., 2013; Leger et al.,
2014).
Given the complexity of enriched paradigms, it is difficult
to pinpoint any single contributing factor with respect to the
beneficial behavioral effects. Most likely, it is the interaction of
physical exercise, sensorimotor stimulation and social compo-
nents acting through common downstream mechanisms which
are responsible for the improvements in the behavioral perfor-
mance of animals housed in an enriched environment (Johans-
son and Ohlsson, 1996; Risedal et al., 2002). The importance
of social interactions on stroke outcome was emphasized in a
recent study conducted in mice (Venna et al., 2014). A stroke
mouse paired with a healthy partner showed enhanced behavioral
recovery compared with either isolated mice or a mouse paired
with another stroke mouse; these beneficial effects were mediated
through brain-derived neurotrophic factor (BDNF) signaling and
neurogenesis. Thus, housing of sham-operated and stroke ani-
mals together in an enriched environment seems to exert an
additive value.
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Effect of Enriched Environment on
Treatment Outcome after Stroke
The majority of stroke patients receive rehabilitation in one form
or another, thus it is justified to study the combination of restora-
tive therapies in experimental settings. Table 1 summarizes the
studies in which restorative therapies have been tested in stroke
rats housed in an enriched environment. In addition to anec-
dotal observations with different compounds (Puurunen et al.,
2001b; Plane et al., 2008; Zai et al., 2011), two main approaches
can be identified: pharmacotherapies acting on the noradrenergic
system and cell transplantation.
The concept of noradrenergic stimulation originates from a
series of studies conducted with amphetamine, which revealed
that amphetamine was effective only when paired with task-
relevant experience in rats with cortical lesions (Feeney et al.,
1982). This also seems to be true in stroke rats treated with
amphetamine and provided with focused rehabilitative training
and an enriched environment (Papadopoulos et al., 2009). More
interestingly, treatment with an α2-adrenoceptor antagonist, ati-
pamezole, has improved sensorimotor recovery by increasing
release of noradrenaline (Puurunen et al., 2001a; Beltran et al.,
2010). As in the case with amphetamine, the behavioral effects
were immediate, indicating that the underlying mechanism may
be reversal of remote hypometabolism (diaschisis) rather than
being mediated via structural plasticity (Barbelivien et al., 2002).
In addition, short-term atipamezole treatment seems to achieve
a persistent and long-lasting motor improvement, but again only
when paired with an enriched environment/focused rehabilita-
tion (Beltran et al., 2010).
An enriched environment has also been combined with cell
transplantation to increase cell survival and functional integra-
tion of cells, and this is then anticipated to maximize the effect
of treatment. In line with this idea, neural grafting to exper-
imental neocortical infarcts has improved behavioral outcome
and reduced thalamic atrophy in rats housed in an enriched
but not in a standard environment (Mattsson et al., 1997). Fur-
thermore, the survival of a variety of cell preparations trans-
planted into the intact cortex was better in rats housed in
enriched environment and this was to some extent reflected
in a behavioral improvement seen during the first weeks after
the cerebral ischemia (Hicks et al., 2007, 2009). Unfortunately,
the cells were rejected in long-term studies after intracerebral
transplantation even with continuous immunosuppressant drug
administration.
It is not clear whether the restorative strategies described
above have any direct impact on brain plasticity independently
from enriched environment or possibly in synergy with enriched
environment. Different repair mechanisms such neurogenesis
in the subventricular zone (Hicks et al., 2007), perilesional
TABLE 1 | Effect of therapies paired with housing in enriched environment on sensorimotor behavior in rats subjected to cerebral ischemia.





rotating pole better postural and locomotor tail
position by combined therapy
Mattsson et al., 1997
Atipamezole 1mg/kg for 10 d tMCAO, 120min occlusion limb-placing, beam-walking,
foot-slip
combined therapy improved
limb-placing and foot-slip test
immediately after administration
Puurunen et al., 2001a
Selegiline 0.5mg/kg for 30 d tMCAO, 120min occlusion limb-placing, foot-slip, Montoya’s
staircase
additive improvement by
combined therapy in Montoya’s
staircase
Puurunen et al., 2001b
Transplantation of mice SVZ
cells
endothelin-1 cylinder test behavioral recovery facilitated
only when cell transplants were
combined with EE
Hicks et al., 2007
Retinoic acid enriched died on
post-operative days 7–41
tMCAO, 90min occlusion cylinder, tapered/ledged beam,
forelimb placing
combined treatment enhanced
neurogenesis but not behavioral
recovery
Plane et al., 2008
Transplantation of hESCs distal pMCAO cylinder test, Montoya’s staircase minor improvement in the
cylinder test
Hicks et al., 2009
Amphetamine 2mg/kg during
the first post-operative week
distal pMCAO ladder walk, skilled forelimb
reaching
almost completely recovery in 8
weeks by EE, amphetamine and
focused therapy
Papadopoulos et al., 2009
Atipamezole 1mg/kg for
post-operative days 2–8
distal pMCAO ladder rung walk, Montoya’s
staircase
even a short term treatment
when combined with EE
improved recovery
Beltran et al., 2010
Inosine i.c.v. for 4 weeks
starting 3 days after stroke
lesion of the caudal forelimb
motor area by Rose Bengal
single pellet reaching inosine combined with enriched
environment restored forelimb
use
Zai et al., 2011
Epidermal growth factor and
erythropoietin i.c.v. for 2 weeks
cortical endothelin-1 cylinder test, Montoya’s staircase acceleration in recovery in the
staircase
Jeffers et al., 2014
EE, enriched environment; i.c.v., intracerebroventricular; hESCs, human embryonic stem cell-derived neural progenitor cells; pMCAO, permanent middle cerebral artery occlusion; SVZ,
subventricular zone; tMCAO, transient middle cerebral artery occlusion.
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angiogenesis (Yu et al., 2014), dendritic morphology (Johansson
and Belichenko, 2002) and axonal sprouting across the midline
into the denervated spinal gray matter (Papadopoulos et al., 2009;
Zai et al., 2011) are activated by cerebral ischemia and these
same mechanisms are further enhanced by an enriched environ-
ment. One could speculate that this interaction makes the postis-
chemic milieu less hostile and more receptive to the provision of
additional interventions. In addition, remote regions not directly
affected by the ischemia may be recruited to aid in the recov-
ery process. It is clear that more investigations are warranted to
elucidate these interactions.
Why is an enriched environment not utilized more frequently,
if so many restorative therapies are maximally effective when
introduced in parallel with behavioral reinforcement? The obvi-
ous practical reasons are space limitations, additional personnel
needed to take care of proper environmental enrichment, finan-
cial restrictions and challenges in standardization between lab-
oratories and additional control groups may be needed perhaps
complicating, even prohibiting, an adequate study design. Fur-
thermore, one may ask the question what is a proper control
group for an enriched environment—housing in single cages may
mimic a deprived environment, but does it have any relevance to
human life?
Translation of Experimental Data
The current experimental evidence strongly suggests that an
enriched environment confers an additive benefit on behavioral
recovery after brain insults, most likely because of its broad
impact on brain plasticity. It is tempting to speculate that the per-
ilesional milieu may be more receptive to concomitant pharma-
cotherapy, cell therapy and intensive rehabilitation. The extent
to which the promising data on environment enrichment can be
translated into clinical practice needs to be clarified. A recent
study highlighted that stroke patients living in a mixed rehabil-
itation unit who were exposed to an enriched environment were
more likely to be engaged in activity than those not exposed to the
enriched environment (Janssen et al., 2014). However, staff work-
load, departmental routines and personal attitudes can influence
the implementation of an enriched environment (White et al.,
2014). Although the importance of combined rehabilitation in
cell therapy trials has been recognized in the STEPS III recom-
mendations (Savitz et al., 2014), additional confounding variables
may emerge, which complicate study design. Nonetheless, recog-
nition of these variables and back-translation into an experimen-
tal setting should aid in assessing their possible contribution to
the functional outcome in stroke patients.
References
Allred, R. P., Kim, S. Y., and Jones, T. A. (2014). Use it and/or lose it-experience
effects on brain remodeling across time after stroke. Front. Hum. Neurosci.
8:379. doi: 10.3389/fnhum.2014.00379
Barbelivien, A., Jolkkonen, J., Rutkauskaite, E., Sirviö, J., and Sivenius, J.
(2002). Differentially altered cerebral metabolism in ischemic rats by alpha2-
adrenoceptor blockade and its relation to improved limb-placing reactions.
Neuropharmacology 42, 117–126. doi: 10.1016/S0028-3908(01)00150-2
Baumans, V. (2005). Environmental enrichment for laboratory rodents and rab-
bits: requirements of rodents, rabbits, and research. ILAR J. 46, 162–170. doi:
10.1093/ilar.46.2.162
Baumans, V., Clausing, P., Hubrecht, R., Reber, A., Vitale, A., Wyffels, E., et al.
(2006). FELASAWorking Group Standardization of EnrichmentWorking Group
Report, Karolinska Institute, Stockholm.
Bayne, K., andWürbel, H. (2014). The impact of environmental enrichment on the
outcome variability and scientific validity of laboratory animal studies. Rev. Sci.
Tech. 33, 273–280.
Beltran, E. J., Papadopoulos, C.M., Tsai, S.-Y., Kartje, G. L., andWolf,W. A. (2010).
Long-term motor improvement after stroke is enhanced by short-term treat-
ment with the alpha-2 antagonist, atipamezole. Brain Res. 1346, 174–182. doi:
10.1016/j.brainres.2010.05.063
Benefiel, A. C., and Greenough, W. T. (1998). Effects of experience and environ-
ment on the developing and mature brain: implications for laboratory animal
housing. ILAR J. 39, 5–11. doi: 10.1093/ilar.39.1.5
Biernaskie, J., Chernenko, G., and Corbett, D. (2004). Efficacy of rehabilitative
experience declines with time after focal ischemic brain injury. J. Neurosci. 24,
1245–1254. doi: 10.1523/JNEUROSCI.3834-03.2004
Birch, A. M., McGarry, N. B., and Kelly, A. M. (2013). Short-term environmen-
tal enrichment, in the absence of exercise, improves memory, and increases
NGF concentration, early neuronal survival, and synaptogenesis in the den-
tate gyrus in a time-dependent manner. Hippocampus 23, 437–450. doi:
10.1002/hipo.22103
Boltze, J., Ayata, C., Wagner, D.-C., and Plesnila, N. (2014). Preclinical phase III
trials in translational stroke research: call for collective design of framework
and guidelines. Stroke 45, 357. doi: 10.1161/STROKEAHA.113.004148
Boltze, J., Förschler, A., Nitzsche, B., Waldmin, D., Hoffmann, A., Boltze, C. M.,
et al. (2008). Permanent middle cerebral artery occlusion in sheep: a novel
large animal model of focal cerebral ischemia. J. Cereb. Blood Flow Metab. 28,
1951–1964. doi: 10.1038/jcbfm.2008.89
Buchhold, B., Mogoanta, L., Suofu, Y., Hamm, A., Walker, L., Kessler, C., et al.
(2007). Environmental enrichment improves functional and neuropathological
indices following stroke in young and aged rats. Restor. Neurol. Neurosci. 25,
467–484.
Chamove, A. (1989). Environmental enrichment: a review. Anim. Technol. 40,
155–178.
Dirnagl, U., Hakim, A., Macleod, M., Fisher, M., Howells, D., Alan, S. M., et al.
(2013). A concerted appeal for international cooperation in preclinical stroke
research. Stroke 44, 1754–1760. doi: 10.1161/STROKEAHA.113.000734
Feeney, D. M., Gonzalez, A., and Law, W. A. (1982). Amphetamine, haloperi-
dol, and experience interact to affect rate of recovery after motor cortex injury.
Science 217, 855–857. doi: 10.1126/science.7100929
Hawkins, P. (2014). Facts and demonstrations: exploring the effects of enrichment
on data quality. Enrich. Rec. 1, 12–21.
Hepp, D. (1947). The effects of early experience on problem-solving at maturity.
Am. Psychol. 2, 306–307.
Hicks, A. U., Hewlett, K., Windle, V., Chernenko, G., Ploughman, M., Jolkkonen,
J., et al. (2007). Enriched environment enhances transplanted subventricular
zone stem cell migration and functional recovery after stroke.Neuroscience 146,
31–40. doi: 10.1016/j.neuroscience.2007.01.020
Hicks, A. U., Lappalainen, R. S., Narkilahti, S., Suuronen, R., Corbett, D., Sivenius,
J., et al. (2009). Transplantation of human embryonic stem cell-derived neural
precursor cells and enriched environment after cortical stroke in rats: cell sur-
vival and functional recovery. Eur. J. Neurosci. 29, 562–574. doi: 10.1111/j.1460-
9568.2008.06599.x
Hsu, J. E., and Jones, T. A. (2006). Contralesional neural plasticity and func-
tional changes in the less-affected forelimb after large and small cortical
infarcts in rats. Exp. Neurol. 201, 479–494. doi: 10.1016/j.expneurol.2006.
05.003
Hurst, J., Barnard, C., Tolladay, U., Nevison, C., and West, C. (1999). Housing
and welfare in laboratory rats: effects of cage stocking density and behavioural
predictors of welfare. Anim. Behav. 58, 563–586. doi: 10.1006/anbe.1999.1165
Frontiers in Neuroscience | www.frontiersin.org 6 March 2015 | Volume 9 | Article 106
Mering and Jolkkonen Enriched environment and stroke
Inglis, I. R., and Hudson, A. (1999). “Wild rats and mice,” in The UFAWHandbook
on the Care and Management of Laboratory Animals, ed T. Poole (Oxford, UK:
Blackwell Science Ltd), 274–281.
Janssen, H., Ada, L., Bernhardt, J., McElduff, P., Pollack, M., Nilsson, M., et al.
(2014). An enriched environment increases activity in stroke patients undergo-
ing rehabilitation in a mixed rehabilitation unit: a pilot non-randomized con-
trolled trial. Disabil. Rehabil. 36, 255–262. doi: 10.3109/09638288.2013.788218
Janssen, H., Bernhardt, J., Collier, J. M., Sena, E. S., McElduff, P., Attia,
J., et al. (2010). An enriched environment improves sensorimotor func-
tion post-ischemic stroke. Neurorehabil. Neural Repair 24, 802–813. doi:
10.1177/1545968310372092
Jeffers, M. S., Hoyles, A., Morshead, C., and Corbett, D. (2014). Epi-
dermal growth factor and erythropoietin infusion accelerate functional
recovery in combination with rehabilitation. Stroke 45, 1856–1858. doi:
10.1161/STROKEAHA.114.005464
Johansson, B. B. (1996). Functional outcome in rats transferred to an enriched
environment 15 days after focal brain ischemia. Stroke 27, 324–326. doi:
10.1161/01.STR.27.2.324
Johansson, B. B. (2004). Functional and cellular effects of environmental enrich-
ment after experimental brain infarcts. Restor. Neurol. Neurosci. 22, 163–174.
Johansson, B. B., and Belichenko, P. V. (2002). Neuronal plasticity and den-
dritic spines: effect of environmental enrichment on intact and postischemic
rat brain. J. Cereb. Blood Flow Metab. 22, 89–96. doi: 10.1097/00004647-
200201000-00011
Johansson, B. B., and Ohlsson, A. L. (1996). Environment, social interaction, and
physical activity as determinants of functional outcome after cerebral infarction
in the rat. Exp. Neurol. 139, 322–327. doi: 10.1006/exnr.1996.0106
Jones, T. A., Bury, S. D., Adkins-Muir, D. L., Luke, L. M., Allred, R. P., and
Sakata, J. T. (2003). Importance of behavioral manipulations and measures
in rat models of brain damage and brain repair. ILAR J. 44, 144–152. doi:
10.1093/ilar.44.2.144
Kaliste, E. K., Mering, S. M., and Huuskonen, H. K. (2006). Environmental modi-
fication and agonistic behavior in NIH/S male mice: nesting material enhances
fighting but shelters prevent it. Comp. Med. 56, 202–208.
Kerr, A. L., Wolke, M. L., Bell, J. A., and Jones, T. A. (2013). Post-stroke protection
from maladaptive effects of learning with the non-paretic forelimb by biman-
ual home cage experience in C57BL/6 mice. Behav. Brain Res. 252, 180–187.
doi: 10.1016/j.bbr.2013.05.062
Knieling, M., Metz, G. A., Antonow-Schlorke, I., and Witte, O. W. (2009).
Enriched environment promotes efficiency of compensatory move-
ments after cerebral ischemia in rats. Neuroscience 163, 759–769. doi:
10.1016/j.neuroscience.2009.07.004
Koolhaas, J. (1999). “The laboratory rat,” in The UFAW Hand Book on the Care
and Management of Laboratory Animals, ed T. Poole (Oxford, UK: Blackwell
Science Ltd), 313–330.
Guide for the Care and Use of Laboratory Animals. (2011). Eight Edition. Wash-
ington, DC: The National Academies Press.
Leger, M., Paizanis, E., Dzahini, K., Quiedeville, A., Bouet, V., Cassel, J.-C., et al.
(2014). Environmental enrichment duration differentially affects behavior and
neuroplasticity in adult mice. Cereb. Cortex. doi: 10.1093/cercor/bhu119. [Epub
ahead of print].
Mark, V. W., and Taub, E. (2004). Constraint-induced movement therapy for
chronic stroke hemiparesis and other disabilities. Restor. Neurol. Neurosci. 22,
317–336.
Mattsson, B., Sørensen, J. C., Zimmer, J., and Johansson, B. B. (1997). Neu-
ral grafting to experimental neocortical infarcts improves behavioral out-
come and reduces thalamic atrophy in rats housed in enriched but not in
standard environments. Stroke 28, 1225–1231. Discussion: 1231–1232. doi:
10.1161/01.STR.28.6.1225
Mazarakis, N. K., Mo, C., Renoir, T., van Dellen, A., Deacon, R., Blakemore, C.,
et al. (2014). “Super-enrichment” reveals dose-dependent therapeutic effects
of environmental stimulation in a transgenic mouse model of huntington’s
disease. J. Huntingtons Dis. 3, 299–309. doi: 10.3233/JHD-140118
Mering, S. (2000). Housing and Enrichement for Laboratory Rats - Refinement and
Reduction Outcomes. University of Kuopio, Kuopio.
Newberry, R. C. (1995). Environmental enrichment: increasing the biological rel-
evance of captive environments. Appl. Anim. Behav. Sci. 44, 229–243. doi:
10.1016/0168-1591(95)00616-Z
Papadopoulos, C. M., Tsai, S.-Y., Guillen, V., Ortega, J., Kartje, G. L., andWolf, W.
A. (2009). Motor recovery and axonal plasticity with short-term amphetamine
after stroke. Stroke 40, 294–302. doi: 10.1161/STROKEAHA.108.519769
Plane, J. M., Whitney, J. T., Schallert, T., and Parent, J. M. (2008). Retinoic acid and
environmental enrichment alter subventricular zone and striatal neurogenesis
after stroke. Exp. Neurol. 214, 125–134. doi: 10.1016/j.expneurol.2008.08.006
Poole, T. (1992). The nature and evolution of behavioral needs in mammals.Anim.
Welf. 1, 203–220.
Puurunen, K., Jolkkonen, J., Sirviö, J., Haapalinna, A., and Sivenius, J. (2001a).
An alpha(2)-adrenergic antagonist, atipamezole, facilitates behavioral recov-
ery after focal cerebral ischemia in rats. Neuropharmacology 40, 597–606. doi:
10.1016/S0028-3908(00)00182-9
Puurunen, K., Jolkkonen, J., Sirviö, J., Haapalinna, A., and Sivenius, J. (2001b).
Selegiline combined with enriched-environment housing attenuates spatial
learning deficits following focal cerebral ischemia in rats. Exp. Neurol. 167,
348–355. doi: 10.1006/exnr.2000.7563
Risedal, A., Mattsson, B., Dahlqvist, P., Nordborg, C., Olsson, T., and Johans-
son, B. B. (2002). Environmental influences on functional outcome after a
cortical infarct in the rat. Brain Res. Bull. 58, 315–321. doi: 10.1016/S0361-
9230(02)00796-7
Risedal, A., Zeng, J., and Johansson, B. B. (1999). Early training may exacerbate
brain damage after focal brain ischemia in the rat. J. Cereb. Blood Flow Metab.
19, 997–1003. doi: 10.1097/00004647-199909000-00007
Savitz, S. I., Chopp, M., Deans, R., Carmichael, T., Phinney, D., Wechsler, L., et al.
(2011). Stem cell therapy as an emerging paradigm for stroke (STEPS) II. Stroke
42, 825–829. doi: 10.1161/STROKEAHA.110.601914
Savitz, S. I., Cramer, S. C., Wechsler, L., and STEPS 3 Consortium. (2014).
Stem cells as an emerging paradigm in stroke 3: enhancing the develop-
ment of clinical trials. Stroke 45, 634–639. doi: 10.1161/STROKEAHA.113.
003379
Schallert, T., Woodlee, M. T., and Fleming, S. M. (2003). Experimental focal
ischemic injury: behavior-brain interactions and issues of animal handling and
housing. ILAR J. 44, 130–143. doi: 10.1093/ilar.44.2.130
Sivenius, J., Puurunen, K., Tarkka, I. M., and Jolkkonen, J. (2002). [Rehabilita-
tion possibilities for stroke patients in the future]. Duodecim Lääketieteellinen
Aikakauskirja 118, 2569–2576.
Sztainberg, Y., and Chen, A. (2010). An environmental enrichmentmodel formice.
Nat. Protoc. 5, 1535–1539. doi: 10.1038/nprot.2010.114
Van de Weerd, H. A., and Baumans, V. (1995). “Environmental enrichment in
rodents,” in Environmental Enrichment Information Resources for Laboratory
Animals, eds C. P. Smith and V. Taylor (Beltsville, MD: AWIC Resource Series),
145–212.
Van Loo, P. L. P., Van de Weerd, H. A., Van Zutphen, L. F. M., and Baumans,
V. (2004). Preference for social contact versus environmental enrichment in
male laboratory mice. Lab. Anim. 38, 178–188. doi: 10.1258/0023677043229
68867
Venna, V. R., Xu, Y., Doran, S. J., Patrizz, A., and McCullough, L. D. (2014). Social
interaction plays a critical role in neurogenesis and recovery after stroke.Transl.
Psychiatry 4, e351. doi: 10.1038/tp.2013.128
Weihe, W. (1987). “The laboratory rat,” in The UFAW Hand Book on the Care
and Management of Laboratory Animals, ed T. Poole (London, UK: Longman
Scientific & Technical), 309–330.
White, J. H., Alborough, K., Janssen, H., Spratt, N., Jordan, L., and Pollack, M.
(2014). Exploring staff experience of an “enriched environment” within stroke
rehabilitation: a qualitative sub-study. Disabil. Rehabil. 36, 1783–1789. doi:
10.3109/09638288.2013.872200
Will, B., Galani, R., Kelche, C., and Rosenzweig, M. R. (2004). Recovery from
brain injury in animals: relative efficacy of environmental enrichment, physi-
cal exercise or formal training (1990-2002). Prog. Neurobiol. 72, 167–182. doi:
10.1016/j.pneurobio.2004.03.001
Wolfer, D. P., Litvin, O.,Morf, S., Nitsch, R.M., Lipp, H.-P., andWürbel, H. (2004).
Laboratory animal welfare: cage enrichment and mouse behaviour. Nature 432,
821–822. doi: 10.1038/432821a
Xie, H., Wu, Y., Jia, J., Liu, G., Zhang, F., Zhang, Q., et al. (2013b). Enriched
environment preconditioning induced brain ischemic tolerance without reduc-
ing infarct volume and edema: the possible role of enrichment-related phys-
ical activity increase. Brain Res. 1508, 63–72. doi: 10.1016/j.brainres.2013.
02.052
Frontiers in Neuroscience | www.frontiersin.org 7 March 2015 | Volume 9 | Article 106
Mering and Jolkkonen Enriched environment and stroke
Xie, H., Wu, Y., Jia, J., Liu, G., Zhang, Q., Yu, K., et al. (2013a). Enrichment-
induced exercise to quantify the effect of different housing conditions: a tool
to standardize enriched environment protocols. Behav. Brain Res. 249, 81–89.
doi: 10.1016/j.bbr.2013.04.032
Young, R. (2003). Environmental Enrichment for Captive Animals. Ames, IA:
Blackwell Publishing. doi: 10.1002/9780470751046
Yu, K., Wu, Y., Hu, Y., Zhang, Q., Xie, H., Liu, G., et al. (2013). Neu-
roprotective effects of prior exposure to enriched environment on
cerebral ischemia/reperfusion injury in rats: the possible molecu-
lar mechanism. Brain Res. 1538, 93–103. doi: 10.1016/j.brainres.2013.
09.036
Yu, K., Wu, Y., Zhang, Q., Xie, H., Liu, G., Guo, Z., et al. (2014). Enriched envi-
ronment induces angiogenesis and improves neural function outcomes in rat
stroke model. J. Neurol. Sci. 347, 275–280. doi: 10.1016/j.jns.2014.10.022
Zai, L., Ferrari, C., Dice, C., Subbaiah, S., Havton, L. A., Coppola, G., et al.
(2011). Inosine augments the effects of a Nogo receptor blocker and of
environmental enrichment to restore skilled forelimb use after stroke. J. Neu-
rosci. 31, 5977–5988. doi: 10.1523/JNEUROSCI.4498-10.2011
Zeiler, S. R., and Krakauer, J. W. (2013). The interaction between training
and plasticity in the poststroke brain. Curr. Opin. Neurol. 26, 609–616. doi:
10.1097/WCO.0000000000000025
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2015 Mering and Jolkkonen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 8 March 2015 | Volume 9 | Article 106
